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Abstract 
The effect of annealing temperature and time on the microstructure and mechanical properties of AZ31B Mg alloy 
sheets were investigated. The specimens were deformed by general roll-casting and combining energy-field roll-
casting (electromagnetic field and ultrasonic). The microstructure analysis showed that the re-crystallization 
temperature of combining energy-field Mg sheet was lower than that of general Mg sheet. It has been found that at 
the annealing of 250℃, no obvious re-crystallization occurred for the general Mg strip sheet, while the local re-
crystallization occurred for the Mg strip sheet with combining energy-field roll-casting. However, in the condition of 
annealing at 300℃, the specimens of roll-casting Mg strips fully re-crystallized with the holding time of 4h, and the 
specimens with compound energy-field Mg strip had fine grains and uniform microstructure, and the average grain 
diameter were 14~19μm, 8~13μm for the general Mg strip sheet and combining energy-field Mg strip sheet, 
respectively. When the specimens were annealed at 400℃, the grains became coarse within 1h, the average grains 
diameters were 20~25 μm and 28~33 μm respectively for the general Mg roll-casting sheet and combining energy-
field Mg roll-casting sheet when annealing at 400℃ for 1h. The results of EDS showed that the precipitates amount 
of annealed Mg roll-casting sheets were reduced by annealing, the precipitates of general Mg roll-casting sheet with 
thicker size were enriched on the grain boundaries. The results of the mechanical properties indicated that the plastic 
deformation of roll-casting Mg sheets was improved significantly; Under the annealing condition of 300℃ × 4h, the 
values of HBS, σb, σ0.2  and δ of combining energy-field Mg strip were improved by 4.7%, 17.2%, 34.1%, 74.6% , 
compared to general Mg sheet. 
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Based on the energy conversation and environment protection to the importance of human sustainable 
development, Mg alloy is paid to unprecedented attention with lightweight, high specific strength, easy to 
process and recycle etc. characters. At present, Mg alloy products are mainly obtained by casting or 
multi-pass rolling, which limit the development and application of Mg alloy because of low yield, high 
energy consumption and poor plastic deformation etc.[1-5]. To enhance the performances of Mg alloy, 
experts from domestic and foreign made a series of related researches. Koike [6] et al studied that grain 
refinement was an effective way to improve the mechanical properties of Mg alloy. Daheng Mao et al [7-8] 
studied that electromagnetic field roll-casting was beneficial to refine the grains. Jianping Li, Deming 
Gao et al [9-11] studied that roll-casting Mg alloy which was introduced by ultrasonic field can have finer 
and more uniform grains. Hence, roll-casting Mg alloy which is applied by electromagnetic field and 
ultrasonic field [hereinafter referred to as combining energy-field] will have finer and more uniform 
grains except for reducing segregation.  
However, roll-casting Mg sheets have still some problems, such as the non-uniform microstructure, the 
serious anisotropy and work-hardening, which greatly influence subsequent processing properties of Mg 
alloy. Consequently improving subsequent processing properties of Mg alloy which has become the hot 
topic at home and abroad. Wenpeng Yang et al [12-13] studied that annealing temperature and holding time 
were controlled reasonably could make a number of fine equiaxed grains, and finally the plastic 
deformation of Mg alloy was enhanced. Xu-yue Yang et al [14-15] studied that annealing was beneficial to 
eliminate the residual stress, original deformation microstructure and reduce work-hardening, and 
ultimately the subsequent processing performance of Mg alloy was improved. Heat treatment related 
articles of general roll-casting are very common, but heat treatment related articles of combining energy-
field roll-casting have not yet been reported so far. Therefore the studies of heat treatment on the 
properties of combining energy-field roll-casting AZ31B Mg alloy that is very important to the 
application of alloy subsequent processing. 
2. Experiment 
2.1. Preparation of experimental materials 
First, we can charge mixture with industrial pure Mg, pure aluminium and pure zinc according to a 
certain proportion, and then the mixture was smelted [temperature was 695~705℃] in the resistance 
furnace [capacity was 200 kg] and held for half an hour. In order to prevent Mg melt be oxidized and 
burned, Ar was passed into the resistance furnace when smelting. And then the molten Mg was passed 
through the groove, head box [temperature maintained at 670~680℃], across the bridge, nozzle, etc.. 
Finally the molten Mg was flowed into the horizontal twin-roll-casting machine with Φ400mm×500mm, 
and the experiments of general roll-casting and combining energy-field roll-casting Mg alloy were 
respectively carried out, two kinds of roll-casting AZ31B Mg alloy sheets were successfully prepared 
which had bright surface and neat edge with width was 200mm and thickness was 4.8mm. AZ31B Mg 
alloy chemical composition was shown in Table 1: 
Table 1. Chemical composition of AZ31B Mg alloy [wt%] 
Al Zn Cu≤ Mn≤ Cl≤ Fe≤ Si≤ Mg 
3.0~3.1 0.9~1.0 0.002 0.003 0.003 0.004 0.005 Bal.` 
2.2. Experimental methods 
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Two kinds of roll-casting AZ31B Mg sheets were annealed in the KSW-4D-C EAF temperature 
controller, the annealing processes as shown in Table 2. Took the metallographic specimens from 
annealed Mg sheets along the cross section, the longitudinal section and the normal section, then the 
microstructure of various annealed states was observed and compared under Leica DMI 5000M 
metallographic microscope after mosaicing, water milling, rough grinding, fine grinding, polishing, 
corrosion and etc. metallographic processes. Intercepted the tensile specimens of annealed Mg sheets 
selectively along horizontal, vertical and 45o direction according to GB/T 228-2002 ―Metallic Materials 
Tensile Testing Method‖, three specimens were taken in all directions, then the tensile mechanical 
properties were tested and made comparison in the WPL-250 static universal testing machine. Meanwhile 
the hardness was tested in the HW-187.5 Brinnell hardness testing machine and annealing temperature 
and holding time on the law of alloy hardness which was found out. In the end, further the precipitates of 
roll-casting Mg sheets were analyzed and compared. 
Table 2. Annealing processes of roll-casting Mg sheets 
Process NO. Temp./℃ Time /h Process NO. Temp./℃ Time/h 
combiningene
rgy-field 
1# 250 1,2,3,4 
general 
4# 250 1,2,3,4 
2# 300 1,2,3,4 5# 300 1,2,3,4 
3# 400 1,2,3,4 6# 400 1,2,3,4 
3. Results and discussions 
3.1. The microstructure of roll-casting Mg sheets 
 
Fig.1. The microstructure of roll-casting Mg sheets  a. general Mg sheet  b. combining energy-field Mg sheet 
The microstructure of roll-casting Mg sheets is shown in Figure 1. Fig.1a showed that the 
chrysanthemum-like cellular dendrites of general Mg sheet were coarse, the grain structure was 
heterogeneous, and the part of the grain diameters were larger than 200μm. Fig.1b showed that most of 
the chrysanthemum-like cellular dendrites of combining energy-field Mg sheet were broken into granular, 
fibrous or massive, and the average grains diameter were about 30~40μm. We can conclude that under the 
oscillation and stirring of combining energy-field, primary α-phase dendrite arms were cut and flowed 
into the liquid phase, which increased the collision and friction between the liquid phase and nucleus, 
finally further new smaller nucleus were formed. So the combining energy-field roll-casting played the 
role of uniform refinement grains on the roll-casting Mg sheets. 
3.2. Annealing on the microstructure 
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Fig.2. The microstructure of Mg sheets at the annealing of 250℃×4h  a. general Mg sheet  b. combining energy-field Mg sheet 
The microstructure of roll-casting Mg sheets annealed at 250℃ for 4h is shown in Figure 2. Fig.2a 
showed that at the annealing temperature of 250℃ within 4h, no obvious re-crystallization appeared in 
the general Mg sheet. Meanwhile, part of secondary cellular dendrites was chrysanthemum-like and lots 
of original grain deformation textures existed in the grains, and grain structure was also non-uniform, 
grain boundaries were blurred. Fig.2b shows that combining energy-field Mg sheet partially re-
crystallized, and majority of the chrysanthemum-like cellular dendrites were diffused into the matrix and 
formed the new nucleation which was fine but inhomogeneous. At the beginning of annealing, a large 
number of black short stick intermetallic compounds [mainly β [Mg (Al, Zn)]] enriched between the grain 
boundaries and cellular dendrites of roll-casting Mg sheets. All these can be explained that in short time, 
the re-crystallization of roll-casting Mg sheets was relatively slow, simultaneously owing to the 
hexagonal crystal structure of Mg alloy, which resulted in the slower diffusion rate ofβ phase, ultimately
β phase could not be diffused and deposited with flake in the grains. But the re-crystallization 
temperature of combining energy-field Mg sheet was lower. 
 
 
Fig.3. The microstructure of Mg sheets at the annealing of 300℃×4h  a. general Mg sheet  b. combining energy-field Mg sheet 
The microstructure of roll-casting Mg sheets annealed at 300℃ for 1h is shown in Fig. 3. The results in 
Fig.3 showed that under the annealing condition of 300℃×2h, general Mg sheet appeared the re-
crystallization, combining energy-field Mg sheet locally re-crystallized, and the grains size gradually 
were decreased within 4h. Fig.3b showed that holding for 4h, the combining energy-field Mg sheet had 
fine grains and uniform microstructure, which presented the very clear fine equiaxed crystals. These 
indicated that on the one hand, the combining energy-field Mg sheet fully re-crystallized, defect density 
and deformation energy storage were reduced, so grain microstructure became uniform. On the other 
hand, secondary phase was fully dispersed and dissolved into α-Mg matrix under the role of heat 
activation energy, the grain boundaries became narrow and clear. Fig.3a showed that holding for 4h, 
general Mg sheet whose grains size were relatively large, but still small amounts of β-phase failed to 
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spread and residue at the grain boundaries, so segregation phenomenon appeared. The average grain 
diameter of general Mg sheet and combining energy-field Mg sheet were 14~19μm, 8~13μm.  
 
 
Fig.4. The microstructure of Mg sheets at the annealing of 400℃×1h  a. general Mg sheet  b. combining energy-field Mg sheet 
The microstructure of roll-casting Mg sheets annealed at 400℃ for1h is shown in Figure 4. The results 
in Fig.4 showed that at the annealing of 400℃, roll-casting Mg sheets apparently re-crystallized in short 
time, grains began to be coarse, even annealing twin appeared. Fig.4b showed that holding for 1h, the 
grains diameter of the combining energy-field Mg sheet were up to 50μm, grain structure was 
inhomogeneous and annealing twin appeared. Fig.4a showed that the grains diameter of general Mg sheet 
were relatively small. These mainly due to the role of high-temperature activation energy, which 
accelerated the migration rate of new grain boundaries and phagocytized the surrounding original 
deformation microstructure, meanwhile distortion energy was consumed, finally speeded up the re-
crystallization grains growth rate. But the grains growth rate of the combining energy-field Mg sheet was 
faster. Holding for 1h, the average grain diameter of general Mg sheet and the combining energy-field  
Mg sheet were respectively 20~25μm，28~33μm. 
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Fig.5. The grain size of Mg sheets by annealing a. at the annealing temperature of 300℃ b. at the annealing temperature of 400℃ 
The dependence of grain size on the annealing time was plotted in Figure 5. Fig.5 showed that no full 
re-crystallization of as roll-casting Mg sheets at the annealing of 250℃within 4h, at the annealing of 
300℃, re-crystallization appeared in the roll-casting Mg sheets, and the grains size reduced with the 
annealing time. However, the grains appeared to coarsen at the annealing of 400℃. On the other hand, 
grain sizes of the combining energy-field Mg sheet were smaller than that of the general Mg sheet at the 
annealing of 300℃, but it was on the contrary at the annealing of 400℃. 
3.3. EDS analysis 
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The precipitate morphology and EDS of roll-casting Mg sheets are shown in Figure 6. The results in 
Fig.6 indicated that the annealed Mg sheets of general roll-casting and the combining energy-field roll-
casting were analyzed separately on the JSM—6490LV energy disperse spectroscopy[EDS]. Aluminum 
and zinc which were added into the Mg alloy with Mg matrix formed intermetallic compounds as 
Mg17Al12 phase, MgZn2 phase and Mg17(AL, Zn)12 phase. EDS indicated that the precipitates amount of 
annealed roll-casting Mg sheet were both reduced as Mg17Al12 phase and Mg17(AL, Zn)12 phase. Judged 
from the morphology and size of precipitates, with the spreading of aluminium and zinc, the intermetallic 
compound phases of the combining energy-field Mg sheet were reduced, and granular precipitates were 
dispersed on the grain boundaries. However, precipitates of general Mg sheet with thicker size enriched 
on the grain boundaries.  
 
 
Fig.6. Precipitate morphology and EDS of roll-casting Mg sheets  (a). general Mg sheet  (b). combining energy-field Mg sheet 
3.4. Annealing on the mechanical properties 
The tensile tests of typical annealed AZ31B Mg alloy was carried out and the results are listed in Table 
3. The results in Table 3 showed that the mechanical properties of annealed roll-casting Mg sheets were 
enhanced and anisotropy was weakened. At the annealing of 300℃×4h, the elongation of combining 
energy-field Mg sheet was increased by 167.1%; At this time, compared to general Mg sheet, tensile 
strength, yield strength and elongation of the combining energy-field Mg sheet were respectively 
improved by 17.2%, 34.1%, 74.6%. These indicated that on the one hand, combined energy-field Mg 
sheet fully re-crystallized and increased the grains mutual occlusion and more grain boundaries, which 
had a stronger impediment on the movement of dislocations, finally dislocation density was reduced; On 
the other hand, β-phase was dissolved into the α-Mg matrix, which had an effect of solid solution 
strengthening on the matrix. Finally the plastic deformation of roll-casting Mg sheets enhanced.  
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Table 3. Mechanical properties of typical annealed AZ31B Mg alloy 
annealing process roll-casting process Direction σb /MPa σ0.2/MPa δ/% 
before annealing 
general Mg sheet 
RD 228.1 156.1 2.6 
45o 211.2 132.7 2.7 
TD 202.9 128.2 2.5 
combining energy-field 
Mg sheet 
RD 261.7 219.5 4.8 
45 o 240.5 194.5 4.7 
TD 236.2 193.3 4.5 
after annealing 
general Mg sheet 
300℃×4 h 
RD 186.2 112.4 7.8 
45 o 180.1 102.7 7.4 
TD 168.6 94.9 6.3 
Combining energy-field 
Mg sheet 300℃×4 h 
RD 213.6 152.1 13.2 
45 o 210.1 136.8 12.5 
TD 202.7 126.9 11.7 
3.5. Annealing on the hardness 
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Fig. 7. The hardness of roll-casting Mg sheets by annealing  a. general Mg sheet  b. combining energy-field Mg sheet 
The dependence of the hardness of annealed roll-casting Mg sheets on annealing time are shown in 
Figure 7. The results in Fig.7 showed that the HB hardness values of annealed roll-casting Mg sheets 
decreased, and the annealing temperature affected the hardness significantly but the holding time was not 
obvious. Under the same annealing conditions, the HB hardness value of combining energy-field Mg 
sheet was higher than that of general Mg sheet. The variation trend annealing within 4h was that, the 
250℃ HB hardness value was the highest, these mainly due to low-temperature annealing re-
crystallization was slow, β-phase was not completely dissolved, thus pined the grain boundaries and 
inhibited the rotation of grain boundaries; The 400℃HB hardness value was the lowest and decreased 
after rising, it demonstrated that roll-casting Mg sheets completed the re-crystallization in short time 
when annealing at high temperature, grains began to be coarse with holding time passing, even emerged 
annealing twin, which caused work-hardening, these were consistent with the metallographic observations; 
The 300℃HB hardness value decreased after rising, anisotropy was weakened, it maybe secondary phase 
gradually was dissolved into the matrix, and segregation was reduced, thus which had an effect of solid 
solution strengthening on the matrix. 
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4. Conclusions 
1. Compared with roll-casting AZ31B Mg alloy strips, the re-crystallization temperature of  AZ31B  
Mg strip with combining energy-field roll-casting was significantly reduced.  
2. No obvious re-crystallization for the roll-casting Mg sheets occured under the low annealing 
temperature of (250), however, the grains began to coarsen under the high annealing temperature of 
(400) . However under the annealing condition of 300℃×4h, the combining energy-field Mg sheet 
had fine grains and homogeneous microstructure. 
3. The precipitates amount of the roll-casting Mg sheets reduced by annealing. However, the 
precipitates of the general Mg sheet with thicker size enriched at the grain boundaries compared to 
the combining energy-field Mg sheet. 
4. Mechanical properties of roll-casting Mg sheets were enhanced and anisotropy was weakened by 
annealing.  
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